Introduction
Ship recognition is an important research area, as it helps to improve surveillance and control activities. Due to the independence of meteorological conditions, synthetic aperture radar (SAR) provides wide coverage and high resolution for monitoring ships. In the last decade, there have been plenty of literatures that are interested in the ship recognition on SAR images [1] .
As SAR presents the ship based on electromagnetic mechanism, the backscattering properties of ship is affected by various factors, such as the ship bearing, ship speed, sea state, and the radar elevation angle. In this sense, the description of ships in SAR images is important for recognition. Besides the recognition algorithms, encouraging results have been concentrated on the feature extraction to describe ships in SAR images. The features of merchant ships such as length, beam, and radar cross section (RCS) are discussed in [2] . Characteristics of ships in the TerraSAR-X and PicoSAR images are compared in [3, 4] and the ship silhouette is recommended for recognition under the condition of high elevation angle. In particular, when the advanced SAR system is available, the characterization of ships can be more comprehensive and the recognition performance is expected to be improved. The polarimetric SAR provides the ability of characterizing ships with permanent symmetry scatters [5, 6] . The type and distribution of these scatterers can be derived in the polarimetric interferometry SAR (PolIn SAR) images and therefore utilized for ship recognition [7] .
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To whom any correspondence should be addressed. However, the Pol/PolIn SAR demands restrictive system requirements that are not operationally available in most satellite sensors [8] . As the resolution improves, single polarimetric SAR, such as TerraSAR-X, increases the potential for ship classification and detailed characterization. Different parts of the ship behave diversely due to their structures and the corresponding electromagnetic scattering mechanisms. The authors in [8] divide the ship into three parts and calculate the relative RCS of each part to recognize ships by applying a fuzzy logic scheme. The literatures [9] [10] [11] analyse the behaviours of more detailed superstructures on SAR images and achieve preliminary recognition results on high resolution TerraSAR-X images.
Motivated by the ideas in the literatures of [8] [9] [10] [11] , we propose a novel feature, namely the Superstructure Scattering Distribution (SSD), to characterize ships in high resolution SAR images. First, the behaviours of different ship superstructures are analysed from the viewpoint of scattering mechanisms. Then, the superstructure in the SAR image is derived with pre-processing and segmentation techniques. To describe the scattering distribution of the superstructure, the fractal dimension of each ship is calculated. Finally, the proposed feature is utilized to recognize the Container, Bulk, and Oil Tanker on TerraSAR-X images.
This paper is structured as follows. Section 2 analyses the superstructure and scattering characteristic for different type of ships. The ship's superstructure on SAR images is segmented out and the novel feature is calculated via the fractal dimension in Section 3. Experimental results are provided in Section 4, and conclusions are provided in Section 5.
Superstructure and scattering behaviour for different type of ships
In this section, the superstructures of different type of ships are presented and their scattering behaviours are analysed. In the coastal area, there are three typical types of ships, i.e., the Container, Bulk, and Oil tanker. As a result, we focus our attention on these three types of ships. Due to their different functions, the aforementioned three kinds of ships possess diverse superstructures. The ship structure is composed of or can be considered as several elemental scatterers. The backscattering of the ship is determined by these elemental (or effective elemental) scatterers. If the elemental scatterers are different in terms of number, type, and position on the ships, the ships will behave diversely on the SAR images. It is thus possible to distinguish them from each other.
When imaged by the SAR, the dihedral, trihedral, and cylinder on the ships are the popular structures to give strong backscattering. For example, the shipboard and sea surface constructs a dihedral, while there is a trihedral in the hack area. As shown in figure 1 , we present the three types of ships with their optical images, SAR images, visualized images, and the superstructure images.
The feature of superstructure scattering distribution
Based on the analysis of the scattering characteristics of the ships' superstructures in section 2, it is observed that the superstructure distribution on SAR image can be utilized to distinguish different types of ships. In this section, the fractal dimension is calculated to describe the distribution of the superstructure.
Suppose that the binary image of ship structure has been acquired by segment and edge detection techniques [12] . Then the fractal dimension of the binary image can be calculated as follows. First, a sliding window of size 11 dd  is moved across the whole image, and accordingly the number of bright pixels is recorded as 1 N . Next, a similar procedure is realized by using a window of size 22 dd  , from which the recorded number of bright pixels is 2 N . Finally, the fractal dimension is defined in (1) . In this paper, we define 
Experimental results
In this section, extensive experiment results are presented based on the high resolution TerraSAR-X SAR images. First, the superstructure scattering distribution of each ship is calculated. Then, the novel feature is combined with the ship length to recognize ships based on the support vector machine classifier. The radial basis function (RBF) is adopted as a kernel function of SVM, and the RBF parameters are selected empirically to achieve optimal performances. In the experiment, the ship dataset is collected from TerraSAR-X stripmap mode SAR imagery with 2.0 1.5 mm  resolution in azimuth and range direction. With the aid of ground truth information supplied by AIS, there are three kinds of ships in the dataset: Container (C), Oil Tanker (OT), and Bulk (B). The numbers of these three kinds of ships are 50, 50 and 150 respectively. All the experiments are carried out using MATLAB implementations on a 3.0GHz machine with 4 GB RAM. Figure 2 illustrates the SSD of each ship in the dataset and Figure 3 represents the scatter diagram of the SSD and ship length. In Figures 2 and 3 , the proposed feature is capable of distinguishing the three types of ships, especially when it is combined with the ship length. In fact, the Container and Oil tanker are similar to each other in terms of length. If we only use the ship length to recognize ships, then the performance is not satisfactory. Together with ship length, the SSD improves the recognition performance. 76.8% 88.8% 100%
To validate the discrimination ability of the proposed SSD feature, classification experiment is carried out on the collected TerraSAR-X dataset. Taking half of the ship images as training samples and the rest half as test set, the classification results are illustrated in length distinguishes the Bulk clearly. The combination of the SSD and ship length achieves very good performance on this TerraSAR-X dataset.
Conclusions
In this paper, a novel ship feature is proposed to recognize ships on high resolution TerraSAR-X images. Based on the analysis of ships' superstructures and scattering behaviours, the superstructure of ships on SAR images is extracted. The novel feature named Superstructure Scattering Distribution (SSD) is defined as the fractal dimension of the binary superstructure image. The experiment results validate that the proposed feature is effective and credible in SAR image ship recognition. Nevertheless, the feature needs to be calculated more accurately through advanced segment techniques and edge detection methods. More extensive experiments will be carried out on a larger dataset to confirm the conclusions.
